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Solar Sail Dynamics and Control using a Boom Mounted Bus
Articulated by a Bi-State Two-Axis Gimbal and Reaction Wheels*

Edward Mettler and Scott R. Ploen
Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Grove Drive
Pasadena, CA 91009-8099
Email: Edward.Mettler@jpl.nasa.gov

Picture 1: Sailcraft in Super-Synchronous Orbit

Abstract

In this paper we develop the coupled orbital/attitude
dynamics of a multi-body solar sail space-
craft(sailcraft)under the gravitational attraction of
a single central body. The solar sailcraft (Picture 1
and 2) is modeled as a chain of three rigid bodies (re-
action wheel + bus/boom + solar sail). An additional
aspect to our analysis is the introduction of a two axis
bi-state gimbal into the multi-body model. The bi-
state gimbal is simply a revolute joint that is either
in a free or locked state: Here the rotational freedom
between the bus/boom and the sail is assumed to be
a bi-state hinge (See Figure 1 and 2). The derivation
of the motion equations is based on a projected form
of the Newton-Euler equations known as Lagrange’s
form of D’Alembert’s principle [3], [4].

Picture 2: Fully Deployed Sailcraft

The resulting multi-body dynamic model captures (a)
orbit-attitude and attitude-orbit coupling (b) inter-
nal reaction wheel momentum accumulation (c) grav-
ity gradient effects (d) induced solar radiation forces
and torques resulting from a flat plate sail geometry
([2], {6]) and (5) internal friction in the bi-state gim-
bal. We also demonstrate that the free-hinge motion
equations can be readily modified to describe the sys-
tem dynamics during periods when the bi-state gim-
bal is locked. The particular orbit of interest in our
study is representative of the proposed NASA-JPL
New Millennium Program Space Technology solar sail
flight experiment that involves a 40 meter square sail-
craft in a Super-Synchronous-Transfer-Orbit (SSTO).
The SSTO is a highly elliptical Earth orbit with ec-
centricity = 0.8196, perigee = 8375 [km], apogee =
84482[km)], and inclination = 35 [deg]. (See Figure
3) The multi-body dynamic model is then applied to

*Copyright © 2002 by the American Institute of Aeronautics and Astronautics, Inc. The U.S. Government has a royalty-free
license to exercise all rights under the copyright claimed herein for Governmental purposes. All other rights are reserved by the

copyright owner.
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demonstrate that a sail utilizing a simple bi-state gim-
bal concept can be used along with small standard
reaction wheels to realize large commanded sail-sun
incidence angles with a minimal momentum storage
penalty, and without coupled structure control inter-
action (CSI) with the sail and booms. This is in con-
trast to performing a large angle slew via continuous
actuation (e.g., via a stepper or servo motor) at the
gimbal, that can induce coupled torque impulses and
vibrations of the sail/booms, and thrust vector errors
[9].

Introduction

The search for alternate methods of spacecraft propul-
sion has led to an increased interest in solar sailing
technology [7]. However, there still remain a host of
open issues in the area of solar sail dynamics and con-
trol that require additional investigation before solar
sails become a viable alternative to traditional space-
flight architectures [1}. In this paper we develop the
coupled orbital/attitude dynamics of a multi-body so-
lar sail spacecraft under the gravitational attraction
of a single central body. The solar sailcraft (Figure
1) is modeled as a chain of three rigid bodies (reac-
tion wheel + bus/boom + solar sail). An additional
aspect to our analysis is the introduction of a simple
bi-state gimbal into the multi-body model. The bi-
state gimbal is simply a revolute joint that is either
in a free or locked state: Here the rotational freedom
between the bus/boom and the sail is assumed to be
a bi-state hinge (See Figure 1). The derivation of the
motion equations is based on a projected form of the
Newton-Euler equations known as Lagrange’s form of
D’Alembert’s principle [3], [4]. The resulting multi-
body dynamic model captures (a) orbit-attitude and
attitude-orbit coupling (b) internal reaction wheel mo-
mentum accumulation (c) gravity gradient effects (d)
induced solar radiation forces and torques resulting
from a flat plate sail geometry ([2], [6]) and (5) internal
friction in the bi-state gimbal. We also demonstrate
that the free-hinge motion equations can be readily
modified to describe the system dynamics during peri-
ods when the bi-state gimbal is locked. The particular
orbit of interest in our study is representative of the
proposed NASA-JPL New Millennium Program Space
Technology solar sail flight experiment that involves
a 40 meter square sailcraft in a Super-Synchronous-
Transfer-Orbit (SSTO). The SSTO is a highly ellip-
tical Earth orbit with eccentricity = 0.8196, perigee
= 8375 [km|, apogee = 84482fkm]|, and inclination
= 35 [deg]. (See Figure 3) The multi-body dynamic
model is then applied to demonstrate that a sail uti-
lizing a bi-state gimbal architecture can be used along

2

with a reaction wheel to realize large commanded sail-
sun incidence angles with a minimal momentum stor-
age penalty, and without structure control interaction
(CSI) with the sail and booms. This is in contrast to
performing a large angle slew via continuous actuation
(e.g., via a stepper motor) at the gimbal. Our pro-
posed control strategy is based on a five-step maneu-
ver: (1) The reaction wheel is commanded to create
a small center of-mass to center-of-pressure (cm-cp)
offset while the bi-state gimbal is free. This is ac-
complished by articulating the bus/boom relative to
the solar-sail. (2) Once the appropriate cm-cp offset
is attained the bi-state gimbal is locked and the sys-
tem is accelerated toward the desired sun-incidence
angle via solar radiation torques. (3) At an appro-
priate switching time the bi-state gimbal is again un-
locked and the wheel is used to reverse the sign of
the cm-cp offset (by again articulating the bus-boom
relative to the sail) and hence reverse the direction
of the incident solar radiation torque. As a result of
this maneuver solar radiation torques begin decelerat-
ing the system. (4) The system is once again locked
until the desired terminal configuration is attained.
Ideally, the system should reach the desired sun inci-
dence angle with a near-zero residual angular acceler-
ation. (5) At this time the system is unlocked and the
wheels steer the bus/boom into a solar-torque equi-
librium configuration at the desired sun-sail incidence
angle and the system is locked until the next maneuver
is needed to follow the planned trajectory. A MAT-
LAB simulation environment was developed in order
to validate the above maneuver under a variety of or-
bital/environmental disturbances. A control design
model was first derived from the full nonlinear dy-
namics. A PD control law governing the time rate of
change of the reaction wheel’s angular momentum was
designed based on the linearized dynamic equations.
The resulting control law was then applied to the full
nonlinear dynamics in the simulation. The motion
time histories (displayed in terms of the five phases
discussed above) with associated angular momentum
penalty for a 30 degree slew near perigee (true anom-
aly = 160 [deg]) are shown in Figures 4-14. Here the
absolute orientation of the bus is denoted 85 and the
orientation of the sail relative to the bus is denoted
0s. Note that the 30 degree maneuver was performed
over a total time of 1800 [sec] with a residual wheel
angular momentum hw = 0.193 [N-m-s].

Equations of Motion

In this section we develop the equations of mo-
tion for the solar sail spacecraft shown in Figure 1. We

American Institute of Aeronautics and Astronuatics



assume from the outset that the solar sail is in orbit
about a single gravitational primary body. However,
the resulting dynamic model can be readily modified
to account for the dynamics in the absence of any
gravitational field. The spacecraft is idealized as the
following system of three rigid bodies:

1. The sailcraft bus-boom structure is modeled as
a single rigid body (identified as the basebody)
B with center-of-mass (COM) Cp as shown in
Figure 1.

2. The solar sail S is modeled as a rigid body™
with COM at Cs. Here we assume that S is
connected to the basebody B via a two degree-
of-freedom (DOF) rotational joint H where H is
assumed to be a bi-state device that is either free
or locked.

3. The reaction wheel assembly (RWA) is modeled
as a rigid rotor W. Here we assume that the
COM of the RWA, denoted Cyy, is attached to
the base-body B at Cp via a single DOF rota-
tional joint R.

The complete system geometry is shown in Fig-
ure 1. Note that the bi-state hinge H is offset from
Cp by a length I. Further, we assume that the center-
of-mass Cg of the sail is is offset from the hinge H
by a small distance 4, and that the center-of-pressure
(COP) of the sail (denoted Cy) is offset from Cs by a
small distance e along the length of the sail. In the se-
quel we will assume that the motion of the spacecraft
is planar.

In order to facilitate the dynamic analysis a
set of judiciously chosen reference frames are required.
The reference frames used in this analysis are defined
as follows:

o The inertial frame Fy = {i, i, fi3} with origin
at the center of the gravitational primary. The
unit vector #i; is taken to point toward perigee,
fi3 is normal to the orbital plane, and 72 com-
pletes the right-handed triad.! See Figure 3.

e The orbital frame Fo = {01, 2,03} with origin
at Cg. Here the unit vector 67 points anti-nadir,
03 is normal to the orbital plane, and 62 com-
pletes the right-handed triad. The angle be-
tween 01 and 7i; is the true anomaly v. See
Figure 3.

e The basebody frame Fp = {51,52,53} with ori-
gin at Cp and base vectors as shown in Figure
2. The basebody frame is rigidly attached to the
basebody structure and rotates with the base-
body. The relative angle between 07 and b, is
denoted 6.

e The wheel frame F,, = {w, W, w3} with origin
at Cw is rigidly attached to the wheel and ro-
tates with the wheel. The angle between @, and
b is denoted 6,,. See Figure 2.

e The sail body frame Fs, = {51, 82, 83} with ori-
gin at Cg is rigidly attached to the sail and ro-
tates with the sail. Here 8 points along the
sail, § points anti-normal to the sail, and 33
completes the right-handed triad. The angle be-
tween b; and 3 is denoted §,. See Figure 3.

o The sail surface frame Fg, = {,1,b} where i is
normal to the sail, ¢ points along the sail, and
b completes the right-handed triad. The origin
of Fg, is taken at the sail center of pressure C,.
See Figure 2.

The equations of motion for the multibody
system described above can be generated in a num-
ber of ways {3],4],[5],[6]. However, the formulation
of the equations of motion for systems consisting of
open chain topologies (i.e., systems with serial or
tree-topology configurations) and holonomic joints is
greatly facilitated by application of Lagrange’s Form
of D’Alembert’s Principle (3],[6]:

Q+Q=0 j=12..,n )
where
N
Qi =) Fi-#ij+ M- 2)
i=1

denote the generalized forces due to applied forces and
moments, and

N
Q; = Z'mﬂ'fz Yij + (Lidi + &; x Luw;) 'Eij (3)

i=1

denotes the generalized forces due to inertia forces and
moments }. Here n denotes the number of degrees-of-
freedom (DOF) of the system, N denotes the number

*The supporting truss structure of the solar sail is assumed to be stiff enough to validate this assumption. See [7] for a detailed

discussion.

tFor free space applications the inertial frame can be taken as any convenient inertial frame.
#The form of the equations given here assumes that the equations of motion are developed with respect to the center of mass of

each body in the multibody chain under study.
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of rigid bodies in the system, the dot denotes the stan-
dard inner product, m; is the mass of body i, I; is the
inertia dyadic of body i about the COM of body i, ¥
is the absolute velocity of the COM of bedy i, J; is
the absolute angular velocity of body ¢, &; is the ab-
solute rate of change of the angular velocity of body ¢,
F; denotes the resultant of all external forces’ acting
on body i, and M; denotes the resultant moment of
all external forces and couples acting on body i. The
velocity coeflicients and angular velocity coefficients
are given by

or;
_"- ;= e— 4
= 0a;
ij T R 5

where g; and ¢; denote the j** generalized coordinate
and its derivative respectively,Y and 7; denotes the ab-
solute position of the COM of body 7 in the multibody
chain.

The generalized coordinates representing the
configuration of the multibody solar sail system are
partitioned into two classes. The first class is given
by ¢o = (z,y) where (z,y) denotes the absolute
position of Cg resolved in F. The second class
da = (05,0,0,) describe the orientation freedoms of
the spacecraft where 6, denotes the attitude of the
basebody relative to the orbital frame, 6,, denotes the
attitude of the wheel relative to the basebody, and 4,
denotes the attitude of the sail relative to the base-
body. In this analysis we assume that the orbital dy-
namics are not influenced by the attitude dynamics.
As a result, the orbital analysis can be formulated and
solved independently of the attitude dynamics. The
equation describing the orbital dynamics is

. g0
9o =—73 (6)
|QOl

where ¢, = [z y]T, |e| denotes the standard norm, and
i is the gravitational parameter of the gravitational
primary (i.e., Earth). Note that the orbital motion of
the system is assumed pure Keplerian.

The attitude dynamics of the system are now
developed by applying the following procedure to the
attitude related generalized coordinates:

1. Determine 7;(g) and &;(g,q) where ¢ = g,.

2. Determine the velocity and angular velocity co-
efficients @&;; and S;; via (4) and (5).

3. Determine the absolutt_a time derivatives ¥; =
%‘t—ﬁ, 1'7,- = ic‘ggfi, and &; = N—l‘i’fi. Here % de-
notes differentiation with respect to an observer
fixed in the inertial frame Fy [5].

4. Develop expression for the external forces F; and
moments M; acting on each body of the system.

5. Substitute the above information into the equa-
tions of motion (1).

Following the above procedure we note from
Figures 1-3 that

™1 = xf + yiy (M

Fy = 71 —1lby—65 (8)

3 = T (9)
and

& (6p + D) (10)

G2 = (fp+0s+0)iis (11)

J3 = (f+ 0+ D)3 (12)

where the subscripts (1, 2, 3) denote bodies B, S, and
W respectively. Recall from above that the orbital
variables (z,y) (and hence v) and their associated
time derivatives are taken as prescribed in the atti-
tude analysis!|.

The nonzero velocity coefficients 4;; are given
by

Yo1 = by 465 (13)
Yoz = 65 (14)

In a similar fashion the nonzero angular velocity coef-
ficients are given by

Bri = oy = faz = Pa1 = faz = 7ia (15)

Once the velocity coeflicients have been deter-
mined the absolute linear and angular accelerations of

5It can be shown that all workless internal reaction forces are automatically eliminated from the dynamic analysis when La-

grange’s form of D’Alembert’s Principle is employed.

YFor systems involving quasi-coordinates and/or nonholonomic joints the generalized coordinates g; and their time derivatives
g; must be replaced in the definition of the velocity and angular velocity coefficients with generalized speeds u; and their time
derivatives %;. Under these conditions Lagrange’s form of D’Alembert’s Principle must be modified and is commonly called Kane's

Form of D’Alembert’s Principle [5].

IThe true anomaly v and its associated time derivatives are known once (z,y) and their associated time derivatives are known.
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each body are computed by differentiating (7)-(12) in
F N:

Ny =

o = 0+ U+ 06)B + U5+ 6) By + 6(

(16)

£ty + Pnig

iy +0,)51 +6(0 + 0+ 0,78 (17)
¥ = 0 (18)
and
G1 = (O +d)iis (19)
2 = (Bp+0,+0)is (20)
3 = (6p+0,+ i), (21)
The external forces acting on each body are
F, = fa (22)
B = fo+fe (23)
B = fu (24)
where .
fo= _Er; (25)

t

denotes the resultant gravitational force at the COM
of body i, and f,, denotes the solar pressure force
generated on the solar sail at its center-of-pressure
(COP). Here the sail is modeled as a flat rectangular
plate. (See Figure 2.) The expression for the solar
radiation force on a flat plate is well-known [2],[7],[8]:

fro = fafit+fif (26)
= —fi81 — fa52 (27)
where
frn = PA{(1+0.,)cos?a+ %ard cosa} (28)
ft = PAQ1-o.;)cosasina (29)

Here P = 4.563 x 102} is the nominal value of
solar radiation pressure at 1 AU, A denotes the sail
surface area, o,, denotes the coefficient of specular
reflection, o,q is tl}e coefficient of diffuse reflection,
and cos(a) = 7i - I denotes the sun incidence angle
between the sail normal (7 = —32) and the incident
solar radiation direction I. (See Figure 2.) Note that
a= u+9;,:i-03. We also assume that the sun-incidence
direction I is fixed in the inertial frame.

The external moments acting on the system are
given by

M, = (Tw+7q +75)ii3 (30)

M2 = (Tap + Tg2 — Tf)7_i3 (31)

Ms = —T,iis (32)
5

where

ot = (I}, — I )ouioys (33)
is the gravity gradient torque exerted on body i. Here
Ii, and I}, denote the principal moments of inertia
of body ¢ = (B, S,W) about the x and y axes of F;,
and 0g; and oy; denote the components of —0; in F;.
Also

(34)

denotes Coulomb-viscous friction at the bi-state hinge
H, T, denotes the torque applied by the wheel to the
basebody, and 7,, = €f, denotes the solar pressure
torque generated on the sail.

The equation of motion corresponding to the
0, coordinate is

75 = c15gn(8,) + c2b,

(Is + m12)8y + (Ip + mul?)0 + I, (0 + 6, + D) + by
+m,l{& cos(fp + v) + §jsin(fp + v)} + 91(d)

Tgl + Tg2 + Tep — ft‘s —~ ftlcosOs + fnlsind,

~ﬁﬁ)-§-{ms cos(fp + V) + ys sin(fp + v)} + 7(225)

where

g1(6) = m {66+ b, + V) cos b,

—6(By + 6, + )" sin8,}

+mgb{Z cos(fy + 05 + v)

+ijsin(@ + 05 + v)

+1(7 + 65)* siné,

+6(By + 0, + ) + U + ) cos 6, X(36)
and

—1my, d
(_2%;{1‘" cos(Ob + 0, + V)
Ts T Ys

+ys sin(0p + 05 + v)}

7(9)

@37

Note that both g, and T are zero when evaluated at
¢ = 0. In the above derivation we have used the fact
that the absolute time rate of change of the wheel’s
angular momentum is given by

hw = Lo(By + 0y + V) = —7, (38)
In the next section we will develop a control strategy
based on h.,.

The equations of motion corresponding to 6,
and @, are

Is(éb"'és +V)+92(5) = Tep+Ty2 —Tf
—fi6+1(6) (39)
ho = —Tw (40)

American Institute of Aeronautics and Astronuatics



respectively. Here

g2(8) = my6{Zcos(p + 85 + )
+ijsin(fy + 6, + V)
(> + 05)° sinb, + 58, + 0, + )
+l( + B5) cos 8, } (41)

where hy = Iw(éb + 0y + ). Note that go = 0 when
6=0.

To recapitulate, the equations of motion of
the orbiting multibody solar sail are given by
(6),(35),(39), and (40). The orbital dynamics (6) are
pure Keplerian and can be solved independently of
the attitude motion. The resulting time histories of
the orbital variables (z,y,v) and their associated time
derivatives are then treated as prescribed in the atti-
tude motion equations (35),(39), and (40). We com-
ment that the above dynamic model has been devel-
oped with the assumption that the bi-state gimbal is
free. However, the locked-gimbal equations of motion
follow immediately from the free-gimbal equations by

1. Omitting the 4, dynamic equation (39) from the
analysis.

2. Setting the hinge angle to its locked value 8, =
0,; and then letting 8, = 6, = 0 in the remain-
ing attitude equations (35) and (40). The orbital
motion equations remain unaltered.

Note that the attitude equations of motion (of the free
or locked system) can be modified for deep space ap-
plications by setting the true anomaly v and its time
derivatives equal to zero in the appropriate equations.

Control Design and Analysis

The multibody dynamic model developed in
the previous section is now utilized to demonstrate
that an orbiting solar sail with a bi-state gimbal archi-
tecture and bus-mounted reaction wheels can realize
a large commanded sail-sun incidence angle ag with a
minimal wheel momentum storage penalty and negli-
gible CSI with the sail and booms. This is in contrast
to performing large angle turns via continuous actu-
ation directly at the gimbal H (e.g., via stepper mo-
tors which excite the sail/boom dynamics.)** Direct
motor torques injected at the gimbal can produce un-
wanted vibrations of the solar sail, and thrust vector
errors. Our articulation and control stragety is based
on the following five phase maneuver (See Figures 4 -
14, and 16 - 19):

e Phase 1: Beginning with the system in the ini-

tial configuration 6;(0) = 6,(0) = 0, the reaction
wheel is commanded to create a small center-of-
mass to center-of-pressure (CM-CP) offset (~
5°) while the bi-state gimbal is free. This is
accomplished by articulating the bus/boom rel-
ative to the solar sail.

Phase 2: Once the appropriate CM-CP offset
is attained, the bi-state gimbal is locked and
the spacecraft begins accelerating toward the
desired sun-incidence angle via solar radiation
torque. The system undergoes free (uncon-
trolled) motion during this phase. Recall that
the system is also subjected to gravity gradi-
ent disturbance torques whose magnitude de-
pend on the inverse cube of the distance between
the spacecraft and the central body. As a result,
the solar pressure radiation torques should be at
least an order of magnitude greater than other
disturbance torques acting on the system during
this phase.

Phase 3: At an appropriate switching time t*,
the bi-state gimbal is again unlocked and the
wheel is used to reverse the polarity of the
CMCP offset (by again articulating the bus-
boom relative to the sail) and hence reverse the
direction of the solar radiation torque. As a re-
sult, solar radiation torques begins decelerating
the system. The switching time t* is predicted
off-line by utilizing a linear model of the free-
motion of the system along with knowledge of
the desired sun-incidence angle ag4.

Phase 4: The hinge is once again locked until the
commanded terminal configuration is attained.
Ideally, the system should reach the desired sun
incidence angle with a near-zero residual angular
acceleration. Again, the system undergoes free
motion during this phase. The solar radiation
torques must be at least an order of magnitude
greater than any other disturbance torques dur-
ing this phase as well.

Phase 5: Once the system has reached the
commanded sun incidence angle the hinge is
unlocked. At this time the RWA steers the
bus/boom into a solar-torque equilibrium con-
figuration and the bi-state hinge is again locked.
At this point, the attitude of the system will be
under reaction wheel control in all axes.

**This technique also requires bus-mounted reaction wheels in addition to the gimbal stepper motors.
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Note that RWA control torques are required during
Phases 1,3, and 5. Moreover, most of the wheel
momentum injected into the bus-sail system during
Phase 1 is automatically unloaded during Phases 3
and 5.

The design of a proportional-derivative (PD)
RWA attitude control law for articulating the bus-
boom relative to the sail during the controlled phases
(i.e., Phases 1,3, and 5) is now discussed. First, the
full nonlinear multibody model developed in the previ-
ous section is linearized to create a model suitable for
developing a linear compensator. However, all sim-
ulation results presented in the sequel are based on
applying the resulting linear control law to the full
nonlinear plant't given by equations (35),(39), and
(40).

The attitude controller design model is derived
from the full nonlinear multibody model by making
the following approximations in (6) and (35):

1. =0

2. Due to the fact that ¥; = 72 we assume that
(xsyya) ~ (m’y)

Under these simplifications we find after some manip-
ulation

(Io + mgl®)by + I(0p +6,) = folfy — hyy
+Td1 (42)
LGy +6,) = 74 (43)
by = —Tw (44)

where 741 and T4z represent the lumped effect of all
disturbances (friction, orbital motion, solar torques,
etc.) on the spacecraft during the controlled phases.
It follows from (42)-(44) that the transfer function re-
lating the input RWA torque 7, to the solar sail angle
8, is given by

0(s) -1
Tw(8)  (Ip + myl2)s? + f,l

(45)

where s denotes complex frequency and the overbar
denotes the Laplace transformation of the given sig-
nal. The linear dynamics (45) are then utilized to
design a PD compensator of the form

T = —Ky(6s — 05) — Ka(0s — 65) (46)
valid for the free hinge modes of operation. Here 6

and 62 denote the desired sail attitude and rate pro-
files respectively. It is easily shown that the closed

loop transfer function based on the linear model is
stable if K, > 0 and K4 > 0.

A simulation environment was constructed to
test the feasibility of commanding the orbiting solar
sail to a large sun-incidence angle ay. The particular
orbit of interest in our study is representative of the
proposed NASA-JPL New Millennium Program Space
Technology solar sail flight experiment that involves a
sail in a Super-Synchronous-Transfer-Orbit (SSTO).
The SSTO is a highly elliptical Earth orbit with ec-
centricity = 0.8196, perigee = 8375 [km], apogee =
84482 [km], and inclination = 35 [deg]. (See Figure
3)

The nominal values of the parameters used in
the simulation were taken as mp = 120[kg], m, =
40[kg], I = 20[kg-m?), I, = 3000[kg-m?], I, = 10[kg-
m?), | = 2[m], € = 0.1[m}, 6 = 0.5[m], A = 1500{m?],
ps = 0.83, and pg = 0.15. The friction parameters are
c¢; = 0.0078[N - m] and ¢z = 2.7e — 3[N - m\rad\sec].
The solar pressure P at 1AU is 4.563 x 10%{2;]. The
maximum torque the wheel can deliver is +0.14[N -m]
and its maximum momentum storage capability is
+4[N - m - sec).

The system response (broken down in terms of
the five phase sequence discussed above) with associ-
ated angular momentum penalty for a 30 degree slew
(i.e., ag = 30[deg]) near perigee (v = 160 [deg]) are
shown in Figures 4-14. Note that the 30 degree ma-
neuver was performed over a total time of 1800 [sec]
with a residual wheel angular momentum hw = 0.193
[N-m-s].

As mentioned above, the relative magnitude
between the solar pressure and gravity gradient
torques is of paramount importance for the success
of any proposed solar pressure control strategy. For
example, it was discovered that the maneuver could
not be performed near perigee using only solar torques
(even utilizing a much larger commanded CMCP off-
set in Phase 1) because the gravity gradient torques
were dominant and opposite in direction to the solar
radiation torques. However, when our concept and
methodology is applied to realize solar sail maneuvers
in Earth orbital applications above 30,000 Km or in
deep space, no such issues will arise [9).
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Figure 7: Phase2: Locked System Absolute Orienta-
tion and Rate

2 —— —
6 /"'/ ’
i p
I /
oo
st
- L : . _J
| 2 3 3 3 [} 7 [} [} a
Timels]
[} ~ —T — —
4 \\\
I N
$ \
5 N
4
6t \\\\ o T ‘——‘1
s [ 2 3 i; B‘ 7 i ] 1
Timels}

Figure 8: Phase3: Bus Inertial Attitude and Sail-Bus
Relative Attitude

‘e T T T T —

-5 # _
i N

2
o

. \\\ ]
- = TR Y 3 3 R

Tirms{s)
2 - -

L
IR |

2 3 )

, . Thetiadolideps]
o awe N

" L 2 1

3 [] 7 a ] a
Timp(s)

Figure 9: Phase3: Bus Absolute Rate and Sail-Bus
Relative Rate

10

StpredAnguiarMomentu:
/

Time(s]

Figure 10: Phase3: Associated RWA Torques and
Wheel Angular Momentum

4 — —1—
35} e e
e
P o
T
g
25 -
B
2l
% . L N
) 2 3 4 5 8 4 [] ? [
Timeis)
. —
-3 | - ]
———
.g-z I .
- T —
it —
\ — I L
i 2 3 ) 5 8 ? [] 1] t
Timsls)

Figure 11: Phased4: Locked System Absolute Orienta-
tion and Rate

I 3R IR -]

Thetabldeg}
8 &

st
3t \\\
26 A 1 l\“‘ i D Sram——— 2
S 2 3 a 3 3 7 3 ] 1
Timajs]
' T T T L
- //
>| L I/
St
.zs t
Ll
o
T R A
Time(s)

Figure 12: Phase5: Bus Inertial Attitude and Sail-Bus
Relative Attitude

American Institute of Aeronautics and Astronuatics



F\ o

5 \

s | /
\
\

1
: To create 8 CM-CP offset that allows the
| solar pressure to slew the salicraft, the
2-axis gimbal is uniocked and the Bus
1 reaction wheels siew the Bus an amount
90 1 determined by the maneuver control faw.

.

.i-l I \‘\ /
b \ /
s |
- \\// A
- i) 2 3 F 3
Tims(s}
T2 T /v\ T T T
-6 L / \
&y L ’/ \\\
g5 +/
R e R N NI
Tima{s]

Figure 13: Phaseb: Bus Absolute Rate and Sail-Bus

Relative Rate

L} ki

2 : y T T v T
\\ et
2 F \ T
AN 7
4 \\ e
P
s L S
g ——="——% 3 3 s & 7
time
2 v . P .
-l e
3
Ez |
5|
s | /
N

3
Time{s]

Figure 14: Phase5: Associated RWA Torques and

Wheel Angular Momentum

meter CM-CP offset.

‘/l—l In this exampie it is 5.7 degrees for a 0.1

Figure 15:

Once the spacecraftbus slews 5.7
degrees, the 2-axis gimbal is locked.
Over a period of ~ 30 minutes, the
solar sail wil have slewed 22.5
degrees (the ha¥ angle of the desired
maneuver)

Since the system is experiencing an
anguiar acceleration from the solar
forque, a doceleration must occur.

This is performed by uniocking the 2-
axis gmbal, then using the spacecraft's
reaction wheels to slew the bus over ~
34 deg to create an equivalent
solar torque on the system in the
opposte drection. Once the
spacecraft bus has slewed 34 degmes,
the 2-axis gimbeal is locked.

) Figure 17:

ARer ~ 35 minules, the solar sall
system will have reached the desired
45 dagree orientation.

Figure 18:

in order to prevent the sysiemn from

must

CM and Sall CP to be aligned with the
Suniine, providing no CM-CP offset. To do
this, the 2-axis gimbal Is again uniocked
and the Bus slews (o align ks CM with the
Suniine.

Figure 19:
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